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We report direct measurements of the intrinsic electrical characteristics of polynucleotides using a 
conducting-probe atomic-force microscope under vacuum. PolyidA) poly(dT) self-assemble a 
cross-interlaced network on mica, but poIy(rfG) po\y(dC) self-organize a uniform 
two-dimensional reticulated structure. Transport studies demonstrate that poly( dG) po\y(dC) can 
act as a semiconducting nanowire and show a better conductance than that in poly(dA) 
poly(t/n. © 2000 American Institute of Physics. [S0003-695 1(00)01045-7] 



DNA is an important and promising molecule, not only 
due to its genetic function, but also as a molecular scaffold 
for nanotechnology 1 and nanostructure. 2 DNA has the spe- 
cial double-helix structure with 7r-electron cores of well- 
stacking bases, which may be a good candidate 3 for long- 
distance (e.g., 200 A) and one-dimensionai charge transport. 
These investigations have significant implications for the 
study of DNA damage and repair in biological systems. 4 the 
application of DNA in electronic devices 5 and DNA-based 
electrochemical biosensors. 6 On the other hand, many re- 
search groups also show the divergent and controversial 
conclusions 7 in DNA-mediated charge transport. 

Recently, we found that polynucleotides with a specific 
base sequence self-assembled reticulation structure on mica. 
A drop (10 fi\) of DNA solution containing 250-125 ng//il, 
was spread on the center of a freshly cleaved mica surface 
( 1 .5 1.5 cm) and incubated for a minute, then the residue 
solution was blown off with a rubber ball and the sample was 
dried in a flowing N 2 gas. Figure 1 indicates the tapping- 
mode atomic-force microscope [(AFM) SEIKO Instruments] 
images of DNA network assembly at the concentration of 
250 ng/>l. ?o\y(dA) po\y(dT) [Fig. 1(a)] self-assemble a 
cross-linked network on mica. Various DNA chains cross 
over together and the 1.7 nm height of the junction is about 
twice the chain height of 0.8 nm. However, polyWG) 
po\y{dC) [Fig. 1(b)] self-organize a uniform reticulated 
structure with the same height of 2. 1 nm between the junc- 
tion and chain. The mesh size of the network is larger in 
poly(rfG) po\y(d€) than that in polyidA) po\y(dT). For- 
mation of the network is strongly dependent on DNA con- 
centration and substrate, which is easier on a hydrophilic 
surface (e.g.. mica) than a hydrophobic surface (e.g.. MOPG, 
gold). The lower the concentration, the larger the mesh size 
of network. When the concentration is less than 50 ng//xl, 
only the separated DNA fibers are observed. 

For probing the electrical properties of the DNA mol- 
ecule, a gold layer is evaporated by a Si(001) shadow mask 
contacted upon a DNA network to fabricate a conductive 
electrode [Figs. 1(c) and 1(d)]. A conducting probe* AFM 
(JEOL Ltd.) [Fig. 2(a)] is performed to explore the local 
electrical characteristics of DNA bundles and single mol- 
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ecules. The sample is pretreated under vacuum (10 ft Torr) 
for 5-12 h. In order to protect the apex of the gold-coated tip 
and avoid the contaminated tip. noncontact mode is applied 
for imaging, then contact mode for probing /( V) curves at an 
accurate position of the DNA chain. The point contact /< V\ 
measurement is controlled by the loading force. We found 
that the best loading force is located on 20-40 nN. forces 
over —100 nN result in damage to the DNA. and force less 
than — 10 nN results in unreliable electrical contact. Further- 
more, when we put the conducting tip on the position of 
mica without DNA near the edge of electrode, the detected 
current is on the noise level of -~pA. 

Figures 2(c) and 2(d) show the typical /(K) curves of 
po\y(dG) po\y{dC). Two behaviors are observed: the linear 
Ohmic and p-vypt rectifying characters in varied measure 
position. In the case of po\y{dA) poly(</7\ the rectifying 
behavior is not observed and the linear /( V) curves gradually 
tend to S-shaped /( V) curves at the decreasing loading force 




y\C. I. Self-it.s>embly UNA nemnrks ol (a) pulylJ/O polyid'WSU and 
(b) poly(JO') polyit/CV5t.- un mica. A gold clcctnxtc is evaporated on the 
DNA network* of <c» polylrf.1 ) pol>7//7V4(' and Id) poJy(W6') 
polyl«/C). ; 5C'.l I V 50 na ^1). 
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of poly< <*C) poly(</C) at Z. 100 nm. 



(and vice versa). At the area of high voltage, the /( V) curves 
liable and fluctuate. We select the low-voltage 
( 0 ->V) /( n values and get the relationship between resis- 
Lce'and DNA length. Figure 2(b) indicates that the ^resis- 
tance is exponentially dependent on the DNA lengthy 
Poly(iG) poM*C) shows better conductance than 
poWOH) VoMdT). By using the average res.stance value 
tfSO nnuL resistivity of P oly«/G) poly(rfC) ,s esnmated 
by -I ftcrn. That means pot**?) ^y(JC) can act as a 
conducting nanowire. We cannot get the /( V) values at the 
"p-electrSde distance less than -40 " 
dfrectly contacted with the edge of the gold electrode and the 

^Sfand transport* in DNA show an intng, 
ing and complex behavior, depending on the different redox 
potentials 10 of the bases, base-stacking charactenst.es. dy- 
nTmtc structural distortion of the DNA, and energy con- 
straint. Guanine (G) is the most easily oxidized and .nduced 

hole carrier. Once charges (especiaUy holes) are created on 
the uniform DNA chain, then the hopping charge transport 
can apparently occur among the discrete G sues or de local- 
ized (e C, polaron) 3 GGG domains, and make poly«/G) 

poly(/c) a good hole conductor and p-type rect.fy.ng be- 

The base-sucking characteristic is another important 
factor for charge transport in DNA. Two homopolymers 
polypi and polyW (270 mer -92 nm) are synthesized 
separately, then mixed and annealed to poly(^) P°ly<^) 
wU. an aLage length of 0.5-1-5 m-. The average ^length of 
poMdC) poly(</C) is 5000-8600 base pairs (bps), i.e.. 
\ 7-2 9 urn. The connection defect may exwt between s.ngle 
chains in the DNA double helix, and lead to interchain tun- 
nelinc or the superexchange process of charge transfer As 
the DNA length increases, the defect also increases and re- 
sults in the exponential dependence between res.stance and 
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DNA lencth. Furthermore, the stacking d.stance of the adja- 
cent base'pairs also affects the tt overlap. The crystal struc 
ture analysis 12 of oligonucleotides indicates that the ax.al rise 
of residue is 2.88 A forpoly^G) P o.y«/a and 3.22 A for 
poly(^) poly(^). The more compact the structure of base 
stacking, the more favorable the charge transport. Th.s re- 
Sum better conduct poly, JO than that 
ofpoly(</.4) poly(</7"). 

Finally, although the effects of water (H 2 0) on the con- 
ductivity can be neglected under the vacuum trea«nen,. the 
proton (H ) and little Na ions of the buffer solut.on (10 
mM Tris-HCl, pH 7.6) remain on the DNA and m.ca sur- 
face, which might affect the ^-stacking electnc structure of 
DNA and the charge transport. lMMriM \ 
In summary, we have directly measured local electneal 
characteristics and distinct Ganges in the conducmce of 
DNA networks, suggesting that poly«/G) polyUO is a 
promising semiconducting nanowire. By design.ng the spe- 
Sfic DNA base sequence and controlling the connects 
Junction of chains, it may be possible to the use of md.v.duat 
DNA molecules and networks as functional molecule elec- 
tronic nanodevices. 
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